Abstract
Introduction
Heteropolyanions (HPAs) are a class of inorganic nanoclusters which show wide ranging diversity in both their structure and composition whilst possessing stable redox states 1, 2 .
They have the ability to undergo reversible multi-electron redox processes which has made them ideal candidates for a range of catalytic reactions [3] [4] [5] . In addition, HPAs have received a lot of attention because of their versatility in their structures and potential applications in electrochemistry, magnetism 6 , photochromism 7 and many other applications in material and fundamental science. For the majority of these applications it is important that the HPA can be immobilised onto a range of surfaces resulting in stable and accessible thin films, in which the inherent solution phase properties of the HPA are maintained in the solid state. Various techniques have been employed to surface immobilise HPAs, including, polymeric films [8] [9] [10] [11] , electrochemical deposition 4 , adsorption 12, 13 , Langmuir-Blodgett films 14 , sol-gel films 15, 16 , self assembled monolayers 17 , layer-by-layer assembly [18] [19] [20] . Layer-by-layer is a rapid and simple technique to fabricate well-organized molecular layered structures and to obtain functional materials with precisely controlled thickness and uniformity.
The synthesis and design of structures with dimensions ranging between 1-100 nm is an important filed of nanotechnology applications in various fields like optical, magnetic, catalytic, thermal and electrochemical properties, which mainly depend on large extent on the particle size, shape, dimensions and the environment [21] [22] [23] [24] [25] . In particular silver nanaoparticles (AgNPs) are of broad attention because of their prospective properties (e.g., size and shape depending electrical, magnetic and optical properties), which can be incorporated into applications regarding to antimicrobial applications, catalysis, biosensing materials, composites, fibers, electronic components, superconducting materials and plasmonic applications 24, [26] [27] [28] [29] .
Nitrite has an important role regarding both several biological and the environmental issuesdue to its extensive usage in various fields of industry, medicine and technology 30, 31 .
Nitrite ions are known to react with amines forming nitrosamines which are known to be carcinogenic 32 . Nitrite in the blood can inhibit the oxyen intake of the body by oxidizing Fe 2+ to Fe 3+ of the haemoglobin, known as methemoglobinemia and mostly cause in infants.
Electrochemical methods have been employed previously for the determination of nitrite 33 .
On the contrary to nitrite reduction, which is catalyzed by wide variety of HPA, only a few HPA multi-substituted with transitional metal ions (Cu 2+ , Ni 2+ and Fe 3+ ) demonstrated the activity towards nitrate electrochemical reduction [34] [35] [36] [37] . The accumulation of transitional ion centers within HPA is favorable to nitrate reduction activity of HPA 35 . Cu20-substitited crown-type HPA has been immobilized with water-insoluble ionic liquid maintaining nitrate reduction activity 36 . To our knowledge, there is no examples of immobilization of other types of multi-substituted nitrate-reducing HPA.
In this article, we report the electrode surface immobilization of two crown-type HPAs (Cu20-tungstophosphate and Nil4-tungstophosphate) with LBL assembly with polymer-stabilized AgNPs as cathionic moiety. The growth and characterization of the developed films were carried out by electrochemical techniques (cyclic voltammetry and electrochemical impedance spectroscopy) as well as physical methods of surface analysis. The ferro/ferricyanide couple has been used as a probe to study the conductivity and the porosity of LBL films. The employment of stabilized AgNPs sufficiently increases the conductivity of films, which led to sufficient enhancement of electrocatalytic properties of modified electrodes showed on nitrite reduction as a model system. 38, 39 . The following buffer solutions have been employed for the electrochemical investigations: 0.1 M Na2SO4 ( pH 2 -3), 0.1 M Na2SO4 + 20 mM CH3COOH (pH 3.5 -5), 0.1M Na2SO4 + 20 mM NaH2PO4 (pH 5.5 -7). The pH of the solutions was adjusted with either 0.1 M NaOH or 0.1 M H2SO4.
Experimental

Materials
Preparation of PEI-stabilized silver nanoparticles (AgNPs)
A mixture of 100 ml of a 10 mM solution of AgNO3 and 3 ml of a 2% (W/W) PEI solution was heated for 15 minutes with constant stirring which yielded a brown colloidal solution without precipitation 40 .
Layer-by-layer (LBL) assembly
A freshly polished GCE was immersed in the 8% (v/v) PDDA solution for one hour for initial surface modification. The electrode was then rinsed thoroughly with deionised water and dipped in a 3.4 mM solution of Ni4TP in pH 2 buffer solution for 20 minutes to allow the initial anionic layer to adsorb (Step 1). The modified electrode was rinsed again thoroughly with deionised water and dried with a high purity nitrogen stream. This yielded the PDDA/Ni4TP modified electrodes which were then dipped in a solution of AgNP for 20 minutes (
Step 2). The electrode was then washed and dried with nitrogen. To build the desired number of layers, steps 1 and 2 were repeated in a cyclic fashion. Initial GCE surface modification with PDDA was not carried out for the Cu20TP-based assembly due to the possibility of direct deposition of Cu20TP onto the electrode surface. The outerlayer of the multilayer assembly was chosen so as to be either anionic or cationic in nature.
Electrochemical procedures
All electrochemical experiments were performed with a CHI660 electrochemical work station employing a conventional three-electrode electrochemical cell. A glassy carbon electrode (GCE, 3 mm diameter, surface area 0.0707 cm mM, 5mM and 7 mM).
Electrochemical Impedance Spectroscopy (EIS)
The EIS experiments were carried out in a 10 mM potassium ferricyanide and 10 mM Results and Discussion
Characterization of AgNPs by UV-vis spectroscopy and TEM
PEI has been used for the synthesis of the AgNPs 41, 42 with the UV-Vis spectrum (Fig. 1SA) revealing the plasma resonance peak at 408 nm, which is typical for the plasmon absorbance of spherical shaped Ag-NPs 43 . The TEM survey (Fig. 1SB ) also shows the near spherical shape of the AgNPs. It can be seen that a mixture of particles exist comprising particles of larger (around 10 nm) and smaller diameters (1-4 nm). Particles were measured using STEM-DF with the average diameter of 500 particles being calculated as 1.69 (± 0.49) nm.
Electrochemical Properties of Cu20TP and Ni4TP
Voltammetry studies
Cyclic voltammetry has been utilized to monitor the growth of the LBL assemblies onto the carbon electrode surfaces for both the Ni4TP/AgNP (Fig. 1A) and Cu20TP/AgNP (Fig. 1B) multilayers. What is apparent is that the various redox processes assigned to either the POM species or the cationic silver nanoparticles are distinguishable during the construction of each The rise of redox peak currents and decrease of peak-to-peak separations for W-O I and II redox processes of both Ni4TP and Cu20TP showed thin-film behaviour and enhancement of redox reactions due to immobilization into the highly conductive microenvironment of LBL film, which has been confirmed with the linear dependencies of peak currents on the scan rate ( Fig. S2 for Ni4TP -based LBL film).
The study of electrode kinetics of the W-O I and II redox processes has been undertaken in accordance with the Laviron approach 45, 46 , wherein the peak-to-peak separations (ΔEP) is higher than 200/n mV where equation (1) applies:
where ΔEP=EPA−EPC (EPA and EPC are the anodic and cathodic peak potentials respectively), α is the transfer coefficient, n is the number of transferred electrons per one redox cycle (n = 8 for both W-O I and II) 44 , ν is the scan rate, T is temperature, R is Boltzmann constant and II, respectively, for both Ni4TP-and Cu20TP-based LBL films. It can be concluded that each redox process involves not only the addition of 8 electrons but also 8 protons 47, 52 .
EIS studies
EIS has been employed to further study the growth of each POM based multilayer assembly. Secondly, there might be electrostatic attraction between the cationic outer nanoparticles and the negatively charged ferricyanide/ferrocyanide redox probe. Thirdly, in contrast to organic cations (e.g. Methylene Blue) 47 , the high charge density of AgNP can cause the strong electrostatic interactions with HPA leading to the non-uniform and defective assembly. For the Ni4TP-AgNP LBL films, the RCT values are seen to be higher than those for the Cu20TP-AgNP LBL films probably due to the presence of the initial PDDA layer on the electrode surface for the Ni4TP-AgNP LBL films. In addition, it can be seen that with the deposition of each POM layer there is an increase in the RCT values for each multilayer system, again probably due to the presence of repulsive forces between the outer POM layer and the anionic ferricyanide/ferrocyanide redox probe.
Permeability studies
The porosities of each multilayer assembly was investigated by studying the effect of the Therefore, the metal nanoparticles are seen here to mediate the probe redox reaction or, alternatively, create a disorganized electrode material. Again, there appears to be a high level porosity of the Ni4TP -based LBL films towards the anionic redox probe (Fig. S4) . These results appear to be in agreement with the low RCT values obtained during the EIS experiments discussed earlier. Similar behaviour has been observed for the Cu20TP -based LBL films.
Electrocatalysis of nitrite and nitrate reduction
The reduction of nitrite and nitrate at a bare carbon electrode requires a large over-potentials.
HPA have been previously shown to be effective electrocatalysts for the reduction of nitrite Here the abilities of the developed Ni4TP-and Cu20TP-based LBL films to catalyse the reduction of nitrite and nitrate has been comparatively investigated. Due to the inherent instability of HNO2 (pKa 3. The effect of LBL film thickness upon the electrocatalytic performance has been assessed also for both catalysts (Fig. S5) . It can be seen that doubling the number of layers within the assembly leads to an increase in the measured catalytic currents.
The limits of detection assessed as 3×SD/sensitivity, were of 14 µM and 13 µM for nitrite detection at Ni4TP-and Cu20TP-based films, respectively. Both systems showed the limits of detection of nitrate as 15 µM. Both systems showed the reproducibility of 90%. Table 1 shows the summarised data of sensitivity values obtained at different film-modified electrodes for electrocatalytic reduction of nitrite. From this it can be concluded, that AgNPs sufficiently intensify the electrocatalytic performance of the studied LBL films both as outer layers and as cationic moieties within the assembly. Ni4TP-based films revealed higher sensitivities than the Cu20TP-based films. The comparison with literature data showed that the Ni4TP-AgNP LBL film has one of the highest sensitivities towards the reduction of nitrite.
The sensitivities of developed LBL film-modified electrodes towards nitrate reduction are comparable with the same characteristics deduced for Cu20TP immobilized within waterinsoluble ionic liquid 36 .
The developed films do not showed the response to chloride anion illustrating the good stability of multi-substituted HPA. Both electrocatalytic systems revealed a good operational stability over 10 days of discontinuous measurements (60 % and 80 % retention of electrocatalytic activity to nitrate for Ni4TP-and Cu20TP-based films).
Characterization with physical methods
The surface roughness and morphology of the films of varying thicknesses, have been studiedwith AFM (Fig. 5) . The uniform distribution of globular aggregates has been observed at PDDA-modified surfaces (Fig. 5A ). Minor increases in the surface roughness has been observed with modification (RMS increase from 4 nm (blank slide) to 8 nm). Formation of Ni4TP-and Cu20TP-based LBL films composed of 16 layers led to appearance of spherical aggregates of quasi-columnar habit ( Fig. 5B and 5C ) accompanied with roughness increases (RMS increase up to 33 nm).
The effect of the outer layer on the surface morphology has been surveyed with SEM (Fig. 6 ).
The presence of spherical aggregates distributed uniformly over smooth and flat matrix has been observed after the formation of all LBL films. A Ni4TP-based film composed of 16 layers with an outer HPA layer (Fig. 6A ) was characterised by spherical aggregates (with a size diameter ranging from 25 to 60 nm) wrapped up in a smooth and flat matrix. The presence of a second aggregate domain characterized by smaller particle sizes ranging from 10 to 3nm have been identified at Ni4TP-based films with AgNPs as the outer layer ( Fig.   6B ) probably due to silver clusters. Cu20TP-based LBL films showed the same trend of surface morphology. XPS of Ni4TP-and Cu20TP-AgNPs LBL films formed on ITOmodified glass slides showed the presence of all related elements and confirm the LBL assembly of films (Fig. S6 , Table S1 ). 
Conclusion
